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4 Introduction

This project is aimed at improving the state of the art of image-guided and minimally
invasive spine procedures by developing a new generation of clinical techniques along
with the computer-based hardware and software needed for their implementation. The
current focus of the project is on physician assist systems incorporating robotics,
tracking, and visualization to improve the precision of instrument placement and
manipulation in minimally invasive procedures. The project is led by the Imaging
Sciences and Information Systems (ISIS) Center of the Department of Radiology at
Georgetown University and project collaborators include the Department of Radiology at
Walter Reed Army Medical Center, the Urology Robotics Group at Johns Hopkins
Medical Institutions, and the NSF sponsored Engineering Research Center for Computer
Integrated Surgical Systems and Technology at Johns Hopkins University.

5 Report Body

This section describes the research accomplishments associated with each task in the
statement of work. This is the second year report and includes research performed from
15 January 2000 to 31 December 2000. The award number is DAMD17-99-1-9022.

5.1 Task 1: Program Planning and Management

Program planning and management continues to focus on the direction of the project as
well as relationships with project collaborators. Project planning and review meetings are
held monthly at the ISIS Center, and it is the consensus that the current focus on
physician assist systems for the next generation interventional suite is an appropriate
direction.

To further leverage the research effort, a new partnership was formed during the past year
with the NSF sponsored Engineering Research Center for Computer Integrated Surgical
Systems and Technology at Johns Hopkins University. Through this project, the ISIS
Center is supporting a graduate student at Johns Hopkins to develop software for a
robotic biopsy testbed (see Task 3). Since there is no Engineering School at Georgetown
University, this provides the project with a graduate student to help develop the
algorithms and software for this testbed. It also allows us to leverage off the extensive
medical robotics program at Johns Hopkins University.

Other management tasks have included the submission of quarterly reports to the
Telemedicine and Advanced Technology Research Center (TATRC) at Fort Detrick.

5.2 Task 2: Robotics for Minimally Invasive Spine

Procedures
One of the key accomplishments of this reporting period has been the development of a
protocol for applying the “needle driver” robot from Johns Hopkins to minimally

invasive spine procedures. This protocol was approved by the Georgetown Institutional
Review Board in Spring 2000, and by the U.S. Army Human Subjects Board in Fall

Page 4




Periscopic Spine Surgery Annual Report: 15 Jan 00 — 31 Dec 00

2000. The protocol is attached in Section 10.4. A picture of the interventional suite where
these spine procedures are carried out is shown in Figure 1",

The robotic hardware is being fabricated by the Urology Robotics Group at Johns
Hopkins Medical Institutions. The concept is to mount the robot over the fluoroscopy
and/or computed tomography (CT) table as shown in Figure 2. This concept is being
realized in practice, as the robot frame has been completed along with mounts for the
fluoroscopy and computed tomography tables at Georgetown (see Figure 3 and Figure 4).
Finally, the complete robotic system has almost been finished as shown in Figure 5.

Once the system has been completed, the protocol mentioned above requires us to first
complete a cadaver study. The robot will be mounted on the imaging equipment as shown
in Figure 3 and Figure 4. The physician will then use the joystick to control the
orientation of the robot as well as drive the needle into the spine. The initial clinical
application will be nerve blocks, which requires the precise placement of a thin needle.
The results of the cadaver study must be submitted to the Georgetown Institutional
Review Board and Army Human Subjects Board before any human clinical trials can
begin.

5.3 Task 3: Robotic Biopsy Testbed

In addition to the clinical protocol described in Task 2, we have also been developing a
robotic biopsy testbed. The goals of this testbed are 1) to compare robotically assisted
biopsy to the current practice and 2) serve as a testbed for investigating software
architectures for integrating robotics, tracking, and visualization. A system diagram is
shown in Figure 6.

The components of this system and the operational scenario are described in [Cleary
2001b]?, attached in the appendices. Briefly, the concept is that the physician will
indicate on the CT scans the path for the biopsy as shown in Figure 7. This figure shows
the CT scans of an interventional phantom along with the proposed biopsy path. The
robot will then be used to follow this path. This requires an intermediate registration step
as described in [Cleary 2001b] and shown on the poster [Cleary 2000e], which is also in
the appendices. The registration method developed is explained later in this section.

A preliminary version of the system was completed over the summer of 2000, and
demonstrated at the Medical Image Computing and Computer Assisted Interventions
(MICCAI) conference in Pittsburgh in October 2000 (Figure 8 and Figure 9). The
demonstration showed the ability of the robot to follow a pre-planned path on the CT
images.

As part of this testbed, a novel method was developed for the automatic registration of a
vertebral body using an optical tracker and embedded fiducial carrier. This method was
tested on an interventional phantom (CIRS, Inc.) as shown in Figure 10. The fiducial

" All figures are in Section 10.1 which starts on page 14.
2 All references are indicated by square brackets and listed in the reference section which starts on page 12.
Copies of papers and posters are in the appendices.
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carrier is manufactured by our tracking consultant, Neil Glossop, PhD, of Traxtal
Technologies. The fiducial carrier contains 3 retro-reflective spheres (Figure 11) whose
position can be tracked in real-time by the optical tracking system (hybrid Polaris,
Northern Digital, Inc.). The fiducial carrier also contains 9 precisely spaced
microspheres, which are small BBs approximately 1 mm in diameter (these cannot be
seen in the figures). The microspheres appear as bright spot on the CT images and
therefore their position in the CT coordinate system can be determined. Since we can also
determine the position of the microspheres with respect to the optical tracking system
(the microspheres are at known locations relative to the 3 retro-reflective spheres), we
can use this information to establish a coordinate transformation between the CT
coordinate system and the optical tracker. Since a fiducial carrier is also attached to the
robot, we can use this information to command the robot to go to a desired point in CT
space. Note that this can all be done without operator intervention, and this is a step to the
fully automated biopsy systems of the future.

Current work has focused on the development of a modular software architecture for this
testbed in cooperation with Johns Hopkins University. A paper on this concept is in
preparation and will be submitted to the MICCAI 2001 conference.

5.4 Task 4: Investigate Tracking Component

Tracking, or the ability to locate an object in space, is an essential component of any
image-guided surgery system. Most image-guided surgery systems use optical tracking
technology (such as the Polaris™ from Northern Digital) and that is what we have
adopted for our work. Optical tracker is accurate and robust, but suffers from the
limitation that is line of sight. Therefore, it can be cumbersome in the interventional suite
as the physician may interfere with the line of sight. In addition, optical tracking cannot
be used to track fiducials internal to the body.

Other tracking technologies such as magnetic tracking do not suffer from this line of sight
limitation, but until recently magnetic tracking has not been robust and reliable enough
for interventional applications. However, Northern Digital has recently announced the
Aurora™ magnetic tracking system (Figure 12), which is a tremendous improvement
over earlier magnetic tracking technology, and has the potential for use in minimally
invasive interventions. We have been working with our tracking consultant, Neil
Glossop, PhD, of Traxtal Technologies to investigate the use of this system for
interventional procedures. An SBIR proposal has been submitted to NIH to develop this
concept (the evaluation of this proposal is pending but early reviews were extremely
favorable) and we have been developing a demonstration of this technology for the
Computer Aided Radiology and Surgery (CARS) 2001 conference in Berlin this June.

5.5 Task 5: Stereotactic Radiosurgery of the Spine

The goal of this task is to investigate new methods in localization (tracking) of the spine
to enable precision delivery of a single dose of radiation, resolving the limitations of
conventional radiation therapy. The plan is to use fiducials in or around the spine with
modern treatment hardware capable of being directed in real-time using fiducial
guidance. This is a partnership with the Departments of Radiation Medicine (James
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Rodgers, PhD) and Neurosurgery (Fraser Henderson, MD) at Georgetown University
Medical Center. Discussions were held with a commercial partner (BrainLab, Inc) and
funds were set aside to purchase tracking equipment, but this task is currently on hold.
This is because the Medical Center was purchased by MedStar Health this summer and
the long-term strategy for Radiation Medicine and their research efforts is still under
discussion. However, once this task gets underway, it is believed that the tracking
techniques and expertise developed elsewhere in this project will be directly applicable.

5.6 Task 6: Minimally Invasive Body Interventional
Procedures

This task is an outgrowth of our initial work in the spine to include body interventional
procedures. The lead physician on this effort, Elliot Levy, MD, is particularly interested
in the Transjugular Intrahepatic Portosystemic Shunt (TIPS) procedure and the use of
image guidance [Levy 2000]. As part of this work, we have recruited a Radiology
resident, Filip Banovac, MD, who has been assigned to the ISIS Center for one year. Dr.
Banovac has been developing a medical phantom that will simulate the respiratory
motion of the liver and be used to demonstrate magnetic tracking technology for targeting
internal organs. The phantom is shown in Figure 13 and Figure 14. A commercially
available medical phantom is being used as the base. The liver from this phantom will be
mounted on a moving platform which is driven by a motor. The motor is controlled by a
computer so that arbitrary motion patterns can be reproduced.

In a related development, Dr. Levy has been awarded a CIRREF Academic Transition
grant (CIRREF is the Cardiovascular and Interventional Radiology Research and
Education Foundation). This grant is to develop magnetic tracking technology for use in
body interventional procedures in collaboration with Dr. Neil Glossop of Traxtal
Technologies.

5.7 Task 7: Medical Simulation for Spine Procedures

and Trauma Training
This task is a collaboration with the National Capital Area Medical Simulation Center of
the Uniform Services University of the Health Sciences to develop simulation technology
for military training. To date, a visiting researcher with a background in computer
graphics has been hired and begun working part-time at the Simulation Center and part-
time at the ISIS Center. One clinical application identified is needle thoracentesis,
although other developments such as a low cost force feedback device for minimally
invasive needle procedures are being investigated.

We plan to submit a proposal to develop this force feedback device to the National
Medical Technology Testbed in Loma Linda, CA. Many surgical procedures involve the
insertion of needles, guidewires, or catheters. While these procedures can be effectively
taught using simulators, the development of simulation software is limited by the lack of
a low-cost force feedback device. The goal here is to leverage technology developed by
the gaming industry such as a force feedback joystick and adopt it for medical simulation.
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5.8 Task 8: Ultrasound Imaging for Precision Guidance
In ultrasound imaging, projection ultrasound real-time tomography (PURTT) is a
promising new imaging technology for high resolution imaging and precision guidance.
Technology developments under consideration include detection of fragments of foreign
materials in the soft tissues resulting from penetrating injuries, and guidance for
minimally invasive procedures including: (a) catheter guidance, (b) needle guidance, and
(c) guidance for vascular access. This is a collaboration with a local small business
(Imperium Inc). A prototype wet device has been constructed that uses water as the
transmission medium and a 128 by 128 detector array. Initial experiments of imaging of
have shown promising results as elaborated below.

A series of experiments were conducted to define the imaging characteristics of PURTT
using phantoms specifically designed for transmission ultrasound. The transducer
operating at 5 MHz was used to measure the depth of field, contrast resolution using 5
mm and 3 mm phantom lesions, signal to noise ratio, attenuation dynamic range, gray
level dynamic range and spatial resolution. Diagram 1 below shows the results obtained
in one of these imaging characteristic experiments, the contrast resolution using
phantoms mimicking calcification in breast tissue. In this experiment Zerdine™ with an
attenuation value of 0.22dB dB/cm/MHz +0.05db dB/cm/MHz was used as background
material in the phantom as it approximates an average attenuation for breast tissue, and
calcium carbonate beads with diameter ranging 150-850um were used to mimic
calcifications. Image artifacts around the lesions resulting from refraction phase contrast
can be observed around the periphery of the lesions.

Diagram 1: Performance of contrast resolution on 3mm lesions

Center 197 172 117 111
Background 153.4 149.8 153.9 147.0
Contrast 43.6 22.3 -36.9 -36.0

SD of background 12.5 11.3 10.9 9.9
SNR 3.49 1.97 -3.40 -3.62
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In summary, using several customized phantoms, the imaging characteristics of PURTT
operating at 5 MHz were investigated and the results of the performance of the ultrasound
imager are the following:

The depth of field is 6mm.

The contrast resolution is <0.07dB for 3mm sphere.

The attenuation dynamic range is ~35dB.

The gray level dynamic range: 57 — 255 in 8-bit raw data.

The local noise level: 4 (at background) to 10 (at high intensity level).
The spatial resolution is ~300 microns.

Microcalcifications at ~300 microns are barely observable.

NV E WD =

In the next year, we plan to continue the experiments and to seek additional funding for
this work.

5.9 Year 3 Plans

The focus for year 3 and beyond is on physician assist systems incorporating robotics,
tracking, and visualization for minimally invasive interventions. The robotic hardware
will be delivered from Johns Hopkins and clinical trials should begin. The initial version
of the robotic biopsy testbed should also be completed and a comparison study of
robotically assisted biopsy to “standard” physician biopsy is planned. These studies
should provide essential data for evaluating the place of these systems in the next
generation of medical techniques. We will also continue to look for new funding
opportunities and synergistic collaborations.

5.10 Walter Reed Collaboration

As part of this project, we are collaborating with Walter Reed Army Medical Center to
investigate new clinical techniques and technological developments for spine procedures.
The primary collaboration is with the Department of Radiology, under the direction of
Col. Michael Brazaitis, MD, Chairman, and Irwin Feuerstein, MD, EBCT Radiologist.
We have also been working with LTC David Polly, MD, of the Orthopaedic Surgery
Service.

In the Department of Radiology, the focus of this collaboration this year has been the
development of several proposals to use the unique imaging environment at Walter Reed
to conduct several studies of interests to the active military and civilian population. A
research associate from Georgetown has been stationed at Walter Reed to assist in this
effort. Proposals that have been developed include:

1. Postmenopausal Coronary Artery Disease and Osteoporosis: Prospective

Screening

2. An Evaluation of Statin Medication and EBCT for the Primary Prevention of
Coronary Artery Disease

3. Screening for Environmentally-Induced Lung Cancer in an Exposed Military
Population

4. Prevention of Musculoskeletal Injury and Osteoporosis in Active Duty Military
Women Using Biochemical Markers and Bone Mineral Density
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These proposals have been or will be submitted to various funding agencies, and it is
hoped that this effort will provide a basis for future research at Walter Reed.

In the Orthopaedic Surgery Service, the FluoroNav™ fluoroscopy-based image-guided
surgery system from Sofamor Danek has been purchased to provide image guidance in
complex spinal cases. Dr. Polly has received IRB approval for a prospective recording of
how long it takes to insert pedicle screws using FluoroNav. Four patients have been
enrolled and data on 56 screws is available. The average fluoroscopy time with
FluoroNav was 2.0 seconds per screw and the average time for screw insertion was 6.76
minutes. For conventional fluoroscopy guidance, fluoroscopy time per screw was 10.3
seconds and the average time for screw insertion was 7.1 minutes. Therefore, the
preliminary results appear to indicate that FluoroNav will decrease fluoroscopy time. A
CT scan analysis done to review accuracy of placement is in progress.

6 Key Research Outcomes
This section provides a bulleted list of key research accomplishments:

e Developed a protocol for applying a robotic needle driver to spine nerve blocks
and received approval from the Army Human Subjects Board

e Demonstrated a robotic biopsy testbed incorporating robotics, tracking, and image
overlay

e Developed a new technique for automatic registration of a vertebral body using an
optical tracker and embedded fiducial carrier

e Our collaborators in the Urology Robotics Laboratory at Johns Hopkins Medical
Institutions constructed the hardware for mounting the robotic needle driver on
the computed tomography and fluoroscopy tables at Georgetown University
Medical Center

e Established a new collaboration with the NSF sponsored Engineering Research
Center for Computer Integrated Surgical Systems and Technology at Johns
Hopkins University to develop a modular software architecture for physician
assist systems incorporating robotics, tracking, and image guidance

7 Reportable Outcomes

This section provides a list of reportable outcomes. The major product of this year is the
list of manuscripts given in Section 10, References. Six conference papers were published
or submitted, eight poster presentations were made, and three journal articles were
submitted. A protocol for robotically assisted nerve blocks was also approved. Copies of
these documents are provided in the appendix.

In addition, two grant applications to the National Institutes of Health were submitted

based on this work. A graduate student from Catholic University and a graduate student
from Johns Hopkins University were supported during this year to assist in software
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development for the robotic biopsy testbed. In a related development and outgrowth of
this project, the Washington Area Computer Aided Surgery Society (www.washcas.org)
was formed to promote research in the field.

8 Conclusions

The second year of work on the Periscopic Spine Surgery has continued to lay the
groundwork for developing the physician assist systems of the future. These systems will
incorporate robotics, tracking, and visualization to improve the precision of instrument
placement and manipulation in minimally invasive procedures. A robotic biopsy testbed
was demonstrated, along with a novel method for automatic registration. Investigations in
new tracking techniques such as magnetic tracking were begun. The collaboration with
Johns Hopkins was expanded to include not only the Urology Robotics Laboratory at
Johns Hopkins Medical Institutions but also the Engineering Research Center at Johns
Hopkins University. The robotic hardware from the Urology Robotics Laboratory will be
delivered shortly and an IRB study for applying this hardware to spinal nerve blocks has
been approved. These developments will continue in the next year with a focus on
clinical feasibility and continued technology improvements.
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10 Appendices
10.1 Figures

Figure 2: Concept for mounting of robot over patient table
(courtesy of Dan Stoianovici, PhD, Johns Hopkins Urology Robotics)
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